An experimental setup and human vocal folds replica able to produce self-sustained oscillations are presented. The aim of the setup is to assess the relevance and the accuracy of theoretical vocal folds models. The applied reduced mechanical models are a variation of the classical two-mass model, and a simplification inspired on the delayed mass model for which the coupling between the masses is expressed as a fixed time delay. The airflow is described as a laminar flow with flow separation. The influence of a downstream resonator is taken into account. The oscillation pressure threshold and fundamental frequency are predicted by applying a stability analysis to the mechanical models. The measured frequency response of the mechanical replica together with the initial ͑rest͒ area allows us to determine the model parameters ͑spring stiffness, damping, geometry, masses͒. Validation of theoretical model predictions to experimental data shows the relevance of low-order models in gaining a qualitative understanding of phonation. However, quantitative discrepancies remain large due to an inaccurate estimation of the model parameters and the crudeness in either flow or mechanical model description. As an illustration it is shown that significant improvements can be made by accounting for viscous flow effects.
I. INTRODUCTION
Schematically, phonation can be understood as the result of a complex interaction between respiratory airflow and soft tissues. Under certain circumstances, the ongoing fluid/ structure interaction can result in self-oscillation of the vocal folds. Vocal fold auto-oscillation produces the main sound source for the vocal tract during the production of voiced sounds.
Physical modeling of this process is obviously needed for many practical applications, especially in the field of voice synthesis and pathology. Although some important advances have been made in the field, full numerical models of phonation, based on finite element models for the tissues, for example ͑Hunter et al., 2004; Vampola et al., 2005͒, are still underused. This can be understood firstly because of the numerical complexity of such an approach, which implies, in particular, hours of computation time. Secondly, it must be noted that an accurate description of many physical effects such as the collision of the vocal folds, the way to account for unsteady boundary conditions, or the presence of turbulence in the flow, just to name a few, are far beyond the capabilities of most common numerical software.
For these reasons, low-order models, often called distributed ͑or lumped͒ models, are still very popular because of their simplicity. Such models are indeed often used for speech synthesis purposes ͑Flanagan et al., 1975; Story and Titze, 1995; Kob, 2002͒ , but low-order models have also been used in speech pathology studies ͑Wong et al., 1991; Herzel et al., 1994; Lous et al., 1998͒. One major concern about these low-order models is the crudeness of the physics used in the models. This includes the fluid mechanics of the airflow through and past the glottis, the biomechanics of the vocal fold tissues, and the acoustics of the vocal tract as well as the interactions between these physical processes.
Concerning the description of the airflow, many attempts have been performed in order to test theories of varying complexity. While some attempts to measure pressure and flow in vivo, i.e., on human speakers, have been performed ͑Van den Berg et al., 1957; Cranen, 1987͒ most experiments deal with in vitro setups based on a mechanical replica of the larynx. Flow measurements on a rigid nonoscillating replica of the vocal folds have been performed by van den Berg et al. ͑1957͒, Scherer et al. ͑1983, 2001͒, Pelorson et al. ͑1995͒, and Hofmans et al. ͑2003͒ . More complex, and realistic, flow conditions were recently obtained using oscillating replicas of the larynx ͑Titze et Barney et al., 1999; Deverge et al., 2003; Mantha et al., 2005; Thomson et al., 2005͒ . In particular, self-oscillating replicas are of great interest because they allow us to test not only the flow description, but also the interaction with a mechanical ͑eventually deformable͒ structure and with an acoustical resonator. This type of deformable replica is also used to study lip behavior during buzzing in musical acoustics ͑Gilbert et al., 1998; Cullen et al., 2000; Vilain et al., 2003͒. Another major concern with low-order models deals with the relevance of the model itself with respect to the vocal fold physiology. While some parameters of the models, like the subglottal pressure or the geometry of the glottis, can be directly compared to observations performed on humans, others, like springs or dampers in a two-mass model such as Ishizaka and Flanagan ͑1972͒, have no direct equivalent in real life. The existence and the way to derive a relationship between these parameters and human physiology is therefore a crucial problem. Some important studies ͑Svec et al., 2000; Berry and Titze, 1996; Berry et al., 1994; Kaneko et al., 1983; De Vries, 1999; Childers and Wong, 1994͒ have been performed using either in vivo measurements or numerical simulations of some mechanical properties of human vocal folds. While these data are helpful to derive the mechanical parameters of low-order models, they do not allow for testing the models themselves.
In this paper we present an experimental setup designed to test low-order models of the vocal folds including the mechanics, the fluid mechanics, the acoustics, and their interactions. This setup relies on a self-oscillating replica consisting of a pair of thin latex tubes filled with water. Although it behaves in a comparable way, this replica is not intended to be viewed as a "real" larynx but rather as a test for the relevance of the theoretical models. Compared with "real life" experiments, this setup has the advantage of easy control and quantitative access to most important fluid mechanical and mechanical parameters. In particular, thanks to an optical device, the mechanical response of the replica can be measured. Using the same device, the vibration of the replica can be quantitatively observed. Two low-order models of the vocal folds are tested. First, a modification of the original two-mass vocal fold model of Ishizaka and Flanagan is presented. Second, a further simplification exploiting only one single degree of freedom to describe the tissue mechanics is considered. Next, stability analysis is applied in order to evaluate the performance of the theoretical predictions against the experimental data.
II. MODELS UNDER TEST
Two theoretical models of the complex phonatory apparatus are described. These models are severe simplifications of the fluid structure interactions appearing during human voiced sound production. The interaction between airflow and mechanical models of the vocal folds is described in Sec. II A. The two mechanical models are detailed in Sec. II B. The acoustic interaction between the voiced sound source and the vocal tract, using a linear acoustic approximation, is described in Sec. II C.
A. Flow model
The geometry of the glottal channel is schematically depicted in Fig. 1 . For the sake of simplicity, the simplest approximation for the glottal flow has been chosen. This description relies on the assumption of a quasi-steady inviscid and incompressible flow within the glottis. Further, the subglottal pressure P sub is assumed to be constant and independent from the other characteristic values of the system. Lastly, when the glottis forms a diverging channel, the flow is assumed to separate at a position determined by the following ad hoc criterion As͑t͒ = 1.2 * min͑A͑x , t͒͒ with A͑x , t͒ being the glottal cross-sectional area and As͑t͒ the glottal area at the separation point. Using these assumptions one can predict the instantaneous pressure within the glottis, P͑x , t͒, as
where indicates the constant air density, U g is the volume flow velocity, and P supra is the supraglottal pressure. Neglecting the effects of wall vibrations, the volume flow velocity, U g , is a constant that can be predicted from the overall pressure drop at the glottis:
can be simplified as
Combining Eqs. ͑3͒ and ͑1͒ the pressure distribution is written as
B. Mechanical principles
The mechanical properties of the vocal folds are represented by the distributed model depicted in Fig. 2 . It is assumed that the glottis has a constant width, L g . Applying the second principle of dynamics to these models, the following equations are obtained: 
͑7͒
This formulation can be simplified if the time delay between the movements of the two masses is assumed to be constant in time. This hypothesis is proposed by Avanzini et al. ͑2001͒ and as a result Eq. ͑7͒ can be simplified since only the movement of the first mass needs to be described while the movement of the second mass is supposed to follow the first one with a fixed time delay t 0 . In other words, the coupling between the two masses is now described by the parameter t 0 accounting for the fixed time delay instead of the coupling spring k c . Consequently, only a single mechanical degree of freedom remains:
In the following we will refer to this simple description as the delayed mass model. This approach is comparable to the model proposed by Titze ͑1988͒ and more recently by Drioli ͑2005͒. Note that if the delay t 0 equals zero, the model reduces then to a one-mass model, such as the one described by Flanagan and Landgraf ͑1968͒ and by Cullen et al.
͑2000͒.
A special case occurs when the vocal folds are colliding. Following Ishizaka and Flanagan ͑1972͒, this phenomenon is simply modeled as a discrete change in the spring stiffnesses and dampings:
where k 1e , k 2e denote the modified spring stiffness and r 1e , r 2e are the modified damping.
C. Acoustical description
Acoustical coupling with the vocal tract is only expected to be significant when the fundamental frequency of the vocal folds oscillation becomes close to a formant frequency ͑typically the first formant for normal speech͒, as described by Rothenberg ͑1980͒. Therefore, for the sake of simplicity, the acoustics of the downstream resonator is assimilated to a single degree of freedom system described by the following equation,
where ‫͑ץ‬t͒ / ‫ץ‬t = p, with p the acoustic pressure at the entrance of the resonator, A is a resonance pulsation of the resonator, Q A is the quality factor of this resonance, Z A is the peak value of impedance at resonance A , and u is the acoustic airflow velocity. In other words, this description is equivalent to the classical linear theory of the vocal tract ͑Flanagan, 1972͒, but accounts only for the first acoustical resonance of the downstream resonator. The vocal tract is simply described by the impedance of an unflanged pipe radiating in free space ͑Pierce, 1991͒, but only the first acoustical resonance of the downstream resonator is taken into account. 
III. EXPERIMENTAL SETUP
The theoretical models described in the previous section need to be validated. In vivo measurements have the advantage of being performed on real human tissues, but the lack of control and reproducibility is a severe drawback, which can harm the validation robustness. For this reason, in the literature, several in vitro experimental studies on relevant mechanical replicas have been performed in order to validate different aspects of the interacting theoretical models ͑fluid mechanical, mechanical, or acoustical͒. Steady rigid replicas have been used to validate the theoretical description of quasi-steady flow ͑e.g., Van den Berg et al., 1957; Scherer et al., 1983; Gauffin et al., 1983; Gauffin and Liljencrants, 1988; Scherer and Guo, 1990; Scherer et al., 2001; Pelorson et al., 1994 . More recently, the influence of wall displacement and structure deformation on the airflow have been considered by using respectively rigid mobile larynx replicas ͑Kiritani et al., 1987; Barney et al., 1999; Alipour and Scherer, 2001; Deverge et al., 2003͒ and deformable larynx replicas ͑Titze et al., 1995; Chan et al., 1997; Thomson et al., 2005͒ . The presented setup follows the same approach. In particular, the various interactions between acoustics, mechanics, and fluid mechanics are investigated.
A. Description
The replica of the larynx is mounted in a suitable experimental setup illustrated in Fig. 3 . The lungs are represented by a pressure reservoir of 0.75 m 3 fed by a compressor. The walls of the reservoir have been covered with absorbing foam in order to reduce acoustical resonances of the reservoir. The reservoir pressure is controlled by means of a Norgren pressure regulator type 11-818-987 and could be varied from a few Pa up to 3000 Pa.
A vocal fold replica, depicted in Figs. 4 and 5, is connected to the reservoir. This replica, upscaled by a factor 3 compared with real vocal folds, consists of two metal half cylinders of 12.5-mm diameter, covered with latex tubes ͑Piercan Ltd.͒ of 11-mm diameter ͑±0.1 mm͒ and 0.2 mm thickness ͑±10% ͒. The two cylinders are filled with water under pressure. The water pressure, henceforth denoted the internal pressure Pc, is controlled by means of a water column. Changing the height of the column allows us to impose an internal pressure Pc up to 10 000 Pa. The value of the internal pressure Pc has an influence on the replica's mechanical characteristics, but also on the initial replica opening. Typically, for low values of Pc ͑e.g., 2500 Pa͒, the initial replica aperture is of the order of 2 mm and the latex tension is low, while for larger values of Pc ͑of the order of 6000 Pa͒, the two latex tubes are in contact, and the tension increases. The acoustics of the vocal tract can be simulated using an acoustic resonator connected downstream to the replica. For this study, two different tubes of uniform circular section ͑diameter 25 mm͒ were used. Their lengths are respectively 500 and 250 mm.
This experimental setup has been carefully designed in order to match as much as possible the order of magnitudes relevant for physical quantities during speech production. The relevance of the experimental design can be assessed using quantitative considerations based on a dimensionless analysis. The Reynolds number Re= V g h g / , where is the air density, V g is the mean flow velocity, h g is the replica aperture, and is the dynamic viscosity coefficient of air, can be used as a measure of the importance of viscosity relative to inertial forces in the flow. The Strouhal number S r = fd / V g , where f is the oscillation fundamental frequency and d is the longitudinal length of the replica, is a measure for the importance of inertia in the flow compared to convection. The Mach number Ma= V g / c 0 , where c 0 is the speed of sound, provides a measure for the importance of compressibility effects. Other parameters, such as the geometrical aspect or the acoustical resonance frequency, are also to be considered. The correspondence between the replica and in vivo data is summarized in Table I .
The experimental setup allows two types of dynamical measurements: pressure and geometry. Pressure measurements are performed by means of two Kulite pressure sensors XCS-0.93-0.35-Bar-G, supplied by a Labor-Netzgerat power supply EA-3005S. They are calibrated against a manometer with typical accuracy of ϯ5 Pa. The pressure sensors were respectively located just upstream from the vocal fold replica and at the end of the resonator tube. The geometrical measurements are performed using an optical device composed of a laser diode, supplied by a P. Fontaine Dc amplifier FTN2515. The laser beam width is increased by two convergent lenses ͑L1, f = 50 mm; L2, f = 100 mm͒ and passes through the air reservoir thanks to a small Plexiglas window and proceeds through the vocal folds replica. The transmitted laser beam intensity is therefore modulated by the movement of the vocal folds replica. These variations in light intensity are measured using a photo sensor BPW34, supplied by a Solartron Dc Power Supply. The optical system is calibrated by rectangular apertures with known dimensions of 0.01 mm precision.
Electrical signals are amplified and conditioned using a preamplifier/conditioning board ͑National Instruments SXCI-1121͒ connected to a PC through a National Instruments BNC-2080 Card and a National Instruments PCI-MIO-16XE acquisition card. The acquired data are processed using Labview7 software ͑National Instruments͒.
B. Determination of the model parameters
In order to compare the theoretical model predictions with the experimental data, the relationship between empirical parameters and model parameters must be known. While this relationship can be derived directly for some parameters, like the geometrical dimensions of the glottis ͑L g and d͒, others need to be estimated.
The mass, m, used to describe the mechanics of the theoretical models is estimated by the quantity of water inside the latex tube covering the metal half-cylinder depicted in Fig. 5 . The mass is estimated as
where e is the density of water, L is the replica width, and d l is the diameter of the latex tube ͑11 mm͒. Considering the dimensions of the replica, the estimated mass of water inside one latex tube for dl =11 mm is m c = 2.29g. This mass is in fact the maximum mass able to oscillate. The spring stiffness and damping are estimated thanks to the direct measurement of the mechanical response of the replica. The experimental procedure follows the one used by Gilbert et al. ͑1998͒ on artificial lips. A pressure driver unit ͑ERS TU-100͒ terminated by a cone is used as an acoustical excitation, as shown in Fig. 6 . For each acoustical excitation frequency the replica response is obtained by measuring the variation of the distance between the two latex tubes. The Estimated from subglottal pressure and aspect ratio. response of the replica is then plotted against the excitation frequency ͑between 100 and 400 Hz in steps of 1 Hz͒. This procedure is repeated for each internal pressure Pc between 500 and 6500 Pa in steps of 500 Pa.
A typical example of mechanical response of the replica is depicted in Fig. 7 . Note that the retrieved response is quite similar to the mechanical responses observed by Svec et al.
͑2000͒ on in vivo human vocal folds.
From the measured mechanical responses, the resonance frequencies, , and associated quality factors, Q, can be easily extracted. The obtained parameters can be related to the natural resonance behavior of the theoretical model of the vocal folds and so to the spring stiffness and damping:
where 0 is the resonance pulsation, Q 0 is the quality factor of this resonance, k is the spring stiffness, m = m c /2, is the effective mass of a vocal fold, and r is the damping. The coupling spring stiffness k c is imposed as k / 2, as described by Lous et al. ͑1998͒ .
When large values of the internal pressure Pc ͑ Ͼ5000 Pa͒ are involved, the frequency response cannot be measured using the above procedure since the two latex tubes are in contact ͑Fig. 8͒. For these values of Pc, one of the two latex tubes is removed and the mechanical response of a single tube is measured. The measured response in this case is obviously a very crude approximation since it does not account for the nonlinearity introduced by the contact between the two latex tubes.
IV. RESULTS AND DISCUSSION
In this section, we will detail the comparison between the predictions of the theoretical models and experimental data with respect to two quantitative phonation parameters: the on-set and off-set pressure of oscillation and the fundamental frequency. The measurements are discussed in Sec. IV A and the simulations in Sec. IV B. The comparison between experimental and theoretical results will be discussed in Secs. IV C and IV D.
A. Measurement of the oscillation pressure threshold
The experimental setup described in Sec. III A is able to produce self-sustained oscillations. First, an internal pressure Pc is imposed. The initial aperture, h 0 , in absence of upstream pressure, is measured by means of the optical setup. Next, the upstream pressure is continuously increased until self-sustained oscillations of the replica appear. Oscillations are quantitatively detected by a spectrum analysis as detailed in Ruty et al. ͑2005͒ . The threshold pressure is denoted Ponset. The frequency of the oscillation at this threshold is determined by means of a spectrum analysis performed on the acoustic pressure signal. The subglottal pressure is then de- An interesting observation is that, depending on the downstream resonator length, oscillations appear at comparable thresholds but for different internal pressure Pc. Thus, for the short resonator ͑250 mm͒, oscillations appear for low Pc values ͑Pc ͓250; 2500͔Pa͒, corresponding to a large initial aperture. For the long resonator ͑500 mm͒, oscillations appear for higher values of Pc ͑Pc ͓3500; 6500͔Pa͒. In this case, an interesting behavior is observed. An internal pressure Pc of 5000 Pa corresponds to a minimum Pon-set. At this point, the initial aperture is close to zero, i.e., the two latex tubes of the replica are almost in contact. This minimum pressure threshold, also observed by Titze et al. ͑1995͒ , could be related to the optimal configuration to produce voiced sound, as described by Lucero ͑1998͒. Finally, in both cases, a hysteresis phenomenon, i.e., Pon-setϾ Poff-set, as the one described by Lucero ͑1999͒, is experimentally observed.
B. Stability analysis of the theoretical equations
In this section, we will examine if the theoretical models described in Sec. II are able to explain the experimental data. Therefore a stability analysis is applied to the proposed theoretical models.
All the variables in the theoretical equations are linearized and hence considered as the sum of an equilibrium value and a fluctuation around this equilibrium, which is denoted as A = Ā + a where Ā is the equilibrium value and a is the fluctuation. Assuming a constant subglottal pressure and a zero downstream pressure P supra at the equilibrium, the following relations are obtained,
Considering only the fluctuating part, Eqs. ͑7͒ and ͑8͒ are rewritten as follows:
Using a state-space representation with
we obtained ‫ץ‬x / ‫ץ‬t = Mx with M the state-space matrix, 
Assuming the simplifications made in Eq. ͑8͒, the state space vector x reduces to
Assuming t 0 Ӷ 2 / 0 , and using the Taylor-Young formula, one obtains H 2 ͑t͒ = H 1 ͑t − t 0 ͒ = H 1 ͑t͒ − t 0 ‫ץ‬H 1 ͑t͒ / ‫ץ‬t and the state space matrix M becomes
Studying the eigenvalues of M, one is able to determine the presence or absence of oscillations. More precisely, an unstable equilibrium results in an eigenvalue with a positive real part, i.e., the model parameters ͑spring stiffness, damping, subglottal pressure, initial geometry͒ correspond with oscillation. The oscillation frequency is calculated as
with the considered eigenvalue. During the experimental protocol, the imposed internal pressure Pc in the vocal fold replica affects both the initial geometry as well as the mechanical properties. Next, for a given Pc, the presence of vocal fold oscillations depends on upstream pressure variations. In a similar way, for a given set of model parameters ͑spring stiffness, damping, subglottal pressure, initial geometry͒, the stability analysis is assessed for subglottal pressure values P sub varying between 0 and 1000 Pa. An exemplary result of the stability analysis is illustrated in Fig. 11 . For this particular case, oscillations are predicted to appear for a subglottal pressure of 485 Pa. The fundamental frequency of the oscillations is 117 Hz.
This computation is repeated for the set of all model parameters identified experimentally by means of the method described in Sec. III B. For each of the two downstream resonator models, respectively of lengths 250 and 500 mm, and for each set of control parameters ͑associated with an internal pressure Pc͒, the onset pressure threshold, Pon-set, is calculated. The pressure threshold and fundamental frequencies obtained for the two models of vocal folds are compared with the experimental results, as depicted in Figs. 12 and 13.
C. Discussion
The results predicted with the theoretical models, for the two downstream resonators, show their capacity to reproduce qualitatively what happens experimentally, in terms of oscillation threshold pressure and fundamental frequency, but within a large error range. FIG. 11 . Graphs resulting from the stability analysis. ͑a͒ Frequency of the oscillations, if they exist. ͑b͒ Eigenvalue real part.
More precisely, concerning the fundamental frequency, a good accuracy of all theoretical models can be noted ͑agree-ment within 10%͒. As expected, the fundamental frequency increases when the internal pressure Pc is increased since increasing the internal pressure also increases the tension of the latex replica. This effect is well predicted in the theoretical models since an increase of the internal pressure in the experimental setup is associated with an increase of the spring stiffness in the theoretical models.
Concerning the oscillation threshold, the same order of magnitude and the same global behaviors are obtained. Globally, the same U-shaped behavior of the pressure threshold as a function of the internal pressure, Pc, is predicted by all theoretical models except when the vocal folds are in contact at rest position ͑h 0 =0͒. In such a case, large departures from the theoretical predictions can be observed. When the vocal fold are not in contact at rest ͑Pc Ͻ 5500 Pa͒, the delayed mass and two-mass models tend to provide comparable estimations for both the oscillation threshold pressure and fundamental frequency.
Quantitatively, although better for the longer acoustical resonator, the agreement between the predicted pressure thresholds and the measured data is rather poor except near the minimum threshold. Note that the value of the delay, t 0 , does not change quantitatively the adequacy of the delayed model. These departures can, of course, be due to the theoretical models themselves but, also, to some extent, to a bad estimation of some input parameters. For example, the total mass, m, is estimated in a geometrical way as described in Sec. III B. This estimation assumes that the mass, m, is independent of the internal pressure, Pc, which is not true in the case of the latex replica. Indeed, for low internal pressures Pc, the latex tubes contain less water than for high values of Pc, where the latex tubes are inflated. To account for this effect, an alternative is to adjust the mass estimation by taking into account the geometrical and hence mass variations due to imposing different internal pressures. Considering an approximation of the latex tube deformation, depicted in Fig. 5͑b͒ , the estimation of the mass is modified as follows,
where h ref is a reference aperture of 3 mm, and h 0 is the measured initial aperture of the replica for a given internal pressure Pc, which can be seen in Fig. 8 . Next the influence of the flow model is considered by taking into account viscosity in the flow model. Adding a Poiseuille term, Eqs. ͑1͒ and ͑2͒ become
where indicates the viscosity coefficient of the air and
The resulting simulations including the suggested modifications are depicted in Figs. 16 and 17. For large initial aperture no striking differences between the two flow descriptions can be found. As expected, the differences are significant in the case of small apertures corresponding to partial or complete closure of the glottis. At these points, the accounting for viscosity increases the accuracy in terms of prediction the pressure thresholds, in particular when the vocal folds are almost in contact, as well as in terms of fundamental frequency prediction. Indeed, at these points, the viscous term becomes dominant because of 1 / A 3 ͑x , t͒. However, the proposed corrections seem to not be completely sufficient to explain the quantitative differences observed between theoretical predictions and experimental data, which remain of the order of magnitude of 20%.
V. CONCLUSION
An experimental setup suitable to validate theoretical models of flow-structure-acoustic interaction with applications to voiced sound production is presented. The approach is illustrated on reduced low-order models for which the quantitative relationship between required model parameters, like mass and spring constants, and the physical characteristics of the replica can be fully exploited and controlled in order to validate the models.
Comparison between the low-order model predictions and experimental data can be summarized as follows:
͑i͒
Despite their simplicity, the theoretical model outcomes are found to be qualitatively correct in terms of fundamental frequency and pressure threshold evolution as a function of the internal pressure of the rep- lica when the vocal folds are not in contact. In this later case, taking into account viscosity seems necessary. ͑ii͒
The influence of the acoustical coupling is qualitatively well predicted by the theoretical models. ͑iii͒ Viscosity of air appears to be crucial when very small glottal apertures ͑up to closed glottis͒ are involved and prediction of the oscillation pressure threshold is aimed. ͑iv͒ While the fundamental frequency of the self-sustained oscillations is well predicted, the error ranges with respect to quantitative prediction of the oscillation pressure threshold is still large. Although an improved model outcome could be yielded by adjusting the model parameters, it is argued that the inaccuracies are mainly due to the nature of the validated reduced models themselves. Accounting for three-dimensional motions of the folds or for a better flow description during the initiation of the oscillation are examples of obvious weaknesses of the described one-and twomass models. ͑v͒ Lastly, the experimentally observed hysteresis has not been analyzed in the theoretical models, although several studies show that reduced order models are able to predict the observed hysteresis between on and offset pressure necessary to sustain the oscillations. This was the case for a two-mass model analyzed by Lucero and Koenig ͑2005͒, and also for a one-mass model with a delay factor presented in two papers by Lucero ͑2005, 1999͒.
